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n -=. 18 8 4 3 2 1 ( k ) -c: if.> 7.> 0 iflll ~ li 1ft ~ *' 0) i!t 1n w ';: ;it} .., -c IT .., t:: 0 X = 0 . 2 5 ( a ) \! li 
I 
0. 10 I I I I I I I T I 
-
- () , k ""' 8 A - 1 1t i!I IC: iJ: t!. ~ .iii 0) t.• - ? iJi ~ .., -c ~' 7.> o ~ 2 7 ( c ) IC: li 




006 r ~\ O -'--' (}) -(j) 
b o-'-. -
0 .04 - tJ. ~ , iG€ I* S e e . 2 I e . a 0) A. ~ ? 1- Jv li S IN 1t b> if.> * I) ~ < tJ. ~ 'o .: 
I I I I 1 I I I I 
0 0.2 0.4 0.6 0.8 1 
Cl ATOMIC FRACTION ~ 2 8 li , ~ ( 7 ) 0) 7 - 1J .:r. ~ t~ IC: ct I) )j( ~ t:: iG€ ~ S c 1 - x I x 0) S e fl;-i 
:;. fli] ill 0) il!l1 {I :$1 1'11 1.1{1 ~ I F ( r ) I \! i5 7.> o x = 0 . 2 5 "T: li r = 2 . 0 A f1 ili: IC: t.• -



















0.01 . (c) x=0.8 ' ' \ 
-0.01 
2 .6 10 14 18 
WAVE NUMBER (A-1) 
m 2 7 ~ Se-K~Jj)( ~~ili {$j -r:· Cl) E X A F s iJl.iJ~ li: J:. ? "Z"fo.'¥ G n t.:: i£1: !J;Se I- X I X Cl) E 










L ( b) X =0.5 ...._., 
lL 
(c) x=0.8 
0 1 5 6 
;p; 2 8 ~ X ( k) Cl) 7 - 1) .:X: ~ ~~ I\: ct ? -z: f!J. G n t.:: ' s emt .:r [.'i] ill Cl) iJ~H~ 5116 lx'] ~ 
I F ( r) I o (a) ~ !¥ S co . 1 5 I 0 . 2 5 , (b) iGU4> See . 5 In . 5 , (c) i!X VP: S c <l • 2 I n . 8 o 
s-s 
Jf, 3 ~ ~f*Sct-x l x l <: ftl. '"t"OJE XAF S~J!Jx (k)"d:-n - 7' 7 -1' ·;1 J- -9 ~~ c 
1<: J: ~ ~t.: , Se-Se&U:Se- J ta~OJ*a~:&r , r OJffi} ~~a , ~Ul~No 
X 
0 . 1 
0 . 25 
0 .5 







Nse rse (A) <J Se (A J 
2 . 0 2 . 34 0 . 072 
1.7 2 . 34 0 . 063 
1.5 2 . 33 0 . 058 





2 . 66 
Se - I bond 
Nr r 1 (A) <5 r!A) 
0 . 0 - -- --
0 . 2 2 . 55 0 . 048 
0 . 4 2 . 56 0 . 053 
0 . 5 2 . 56 0 . 028 
~ 2 9 (a ) c ( b) li, M ;j\ fl ~ 7 -1' ·1 1- I<: .t I) f!} t.: iLl( f~ S e 1 - x 1 x OJ S 
t:.. {:, 0)'"{"#., ~0 i!X ~{1: Sc1 -xCI x c ;i[(: t', ii~ !),; S C 1 - x I x T li N S e ii X 1J'> W/ 1JO 
L-c {:, J;, .... J; I) ~~ y it -r, x=O. 8L" {> -:!: <>- t!. 1 . 0 c t' ? {t(l ~ J !j ? -c ~' ~0 
N I 1<: -::> t ' '""( b X I<: J:. Q ~ 1t li ;j\ c's < ' X = 0 . 8 7! N I = 0 . 4 I<: L b) t.j. :; ts. ~ \0 
~ 3 0 li , [51 I_; < 7 .( 'I r I<: J:. ~ * ~ t.: i& ~ s c I - X I X 0) (a)Se-Sc& 
lf ( b ) S e - I Mi =f Pa~ ~B ~1 r s c , r I ~ X I<: x1 L -c 7" t:l ''I 
" 
L t.: {:, OJL"cl? ~0 
x OJ !~ 1JO I<: c {:, tJ,. ? '""( , r s e (;l Mi 0, r 1 li ff b) l<=m < ts. ? -c t' Qo L 





















































































2.34 _ 0 __ g 
(b) Se-1 
0 0.2 0.4 0.6 0.8 
. 
. ! .. ATOMIC FRACTION 
~3 0 ~ i&f*Sel-xlxic--:::>lt'"'C, 7-< ·1 I-ICJ:.I?{!'J.Gnt.:(a)Se-Se*a~i§~i£rse, 
(b) Se- l*a~f§~r 1 ~ lil~~ X 0)~~ c l "'( JFT o 
1 
.: (}) .:C 7"' Jv C' li , I it~ JJt IJ) ±{; L "'C b S e i.i!t I<: li ~ ~' {) (}) IJ) (}) "? .: -c to 
I? , E X A F S (}) ~ UL ~ I<= -:> ~' "'C (}) *a :W: ~ ~~ I~ C' ~ ~ o i t::. , S e C: 
I C: (}) Pa1 (}) m r.:j .f.t !Jl)J li. ;j\ 2: ~ \ t::. ~' ~~ f* s e I - X c 1 X C' (£ t; t:.. J: ? tJ, *S -@; 
l!e ~t (}) * ~ t.s. ~ 1 t li t.s. ~' e: ~ ;t .; n ~ 0 
t.s. to, iCX f-* rl1 I<: tf {£ L "'C ~' ~ C: ~ ;t t? ~"L ~ I 2 :$} -=f li. S e K IJ& JlJ( ~;iJ (}) 
E X A F S I<= li. tJ. lv t? (}) ~ Ej. b L tJ. ~ 'o f)t "? -c, I 2 51 -T (}) t-J. tE ~ uffi 
IJ~ ~ ~ .: C: li. C' ~ tJ. ~ \0 
6o 
3 . 3 ~ f* Se0. 5Bf0. 5(}) EX A F S 
~ ~~ C' li. , E X A F S ~ j}J x ( k ) !<= t:.. ~' T ~ S e C: B r (}) * Ej. ~ 51 ~1£ T 
~ .: C: IJ) 1219 ~ 't! lt> ~ C: XlS "' t::. o L IJ) L , CX (}) lii'i "1: X!5 "' ~ J: ? I<= ill: !* 
S e 0 . 5 B r 0 . 5 (}) !fl t1: T ~ i5L ~ ~ (}) *S !+!: , .: (}) 4~ 11 li. B r - S e - S e - B r 51 -T IJ) 
t? m ~ 2: n -r ~' ~ .: C: IJ'> 7 1tt 2: n ~ o i t::. .: (}) 4~ 11 -r: li. , s e C: B r (}) 
iffij 1i (}) K !!& 1& ~lfil I<= -:> ~' "'C E X A F S ~ ifii] ;E T ~ .: C: IJ'> "Z: ~ ~ o -12 .: 
"Z: , ~ 1* S e 0 . 5 B r 0 . 5 !<:: -:> ~' -r b E X A F S iltll ;E IJ) t? 51 -T (}) H4 ~ ~ >]( 
n ~ ~ .: C: ~ ~ 1}. fz.o 
~ 3 2 I<: ~ 1* S e 0 . 5 B r 0 . 5 I<= -:> ~' -c (}) S e - K IJ& 1B( ~:fa "& rf, B r - K 11& 
1& 9lfil !<= -:> ~' -c (}) E X A F S if{l] ;E iJ) t? >]( 66 t? n t:.. illb {I 51 1ri I~ ~ I F ( r ) I 
~ ~ To ( a ) IJ'> S e - K IQk JlJ( ~ffil, ( b ) IJ) B r - K 11& JlJ( ~ifo I<= -:> ~' "L (}) fi5 ~ C' 
lt> ~ o ( a ) . ( b ) C: b r = 2 . 0 A ii ili: I<= 1::· - ~ iJ'> 1:J. t? n ~ o 
.: .: -c , B r - S e - S e - B r C: ~ ' ? 51 =r (}) jf~ :IX iJ) .; c:· (}) *a -@; IJ; I F ( r ) I (}) 1::· 
~ I<= tit Ej. L -r ~' ~ iJ) ~ ~ ;t -c 1:J. ~ C: , 
S e - K 11& !& ~:fo 
B r - K 11& 1& 9ifo 
Se-Br, Se-Se*s-@; 
Br-Se*5-@; 
e: t.s. ~ .: e: iJ) 51 IJ) ~ o -12 .: -z: , ;x (}) J: ? tJ. .f. ~~~ c: m tJT ~ t1: 1:J. t:.. 0 
B r - K 11& !& 9:fo !<:: -:> ~' "'C (}) E X A F S I<: !i. , B r - S e *5 -@; (}) 1:J. IJ; ~ Ej. L 
"'C ~ ' ~ o -12 C. 't! i f , B r IJ& J& ~:fa C' (}) X ( k ) ~ ffl ~ ' "L , B r - S e *15 -@; (}) / <: 
7 ;l ~ ~ >]( ~ ~ o (X I<: , S e - K IJ& JlJ( ~:fo I<= -:> ~' "L (}) X ( k ) ~ , S e - B r *15 
-@; (}) /-': 7 ;J. ~ li. >]( i "? t::. ftli I<: ~ ~ L "L to ~' -c, S e- S d5 -@; ~ 1JO ;t t:.. jf~ 
~ 't! 7 -{ ·y 1- ~ IT ~ ' S e - S e *15 {3 (}) / <: 7 ;J. ~ ~ >]( 66 ~ o 
.: (}) 1i f.li -c 1-!J .; n t::. *15 fE ~ e: ff tiL ~ 1t ~ 5 (}) :iffi 1.? -z: c5 ~ o !fl t~ =r 
~ i5L 't! r s e = 2 . 2 8 A, r B r = 2 . 3 8 A C: ~' ? *5 !f!: "Z: c5 --:> t:.. (}) C' , li I~ - ?iS( 
bl 
( a ) 
Se Kedge 
• 




m 3 2 ~ i~ !* S e0 . s B r 0 . s (}) E X A F S ijttj IE b) 0 f~ 0 n t.: (a) S e)jj( -T ~:ill & lf (b) 
B r rnt -1- mJ :ill(}) .iJ!.H¥511'f?tMI ~IF ( r) I o 
.: (}) .t ? I<= , S e - B r ~ ~ "*- (}) .t ? I<: - ~ I<= li E X A F S (}) t!i m: (}) M 
mS.i*{ ~f*See.sBre.sli:"?~'""C(})E XA F S~I!Jx (k)~:h-:17-< ·:; 1--to.: 
c l<=.t I:J~t:, Se-Se&OSe-Brfi!i~(J)fi!i~~r, teUtnNo Br-Set!i~l<=ft~'""Cii 
Br - K ®J&~:fillli: m I<= m-11 o it).1j)E :b) 0 ~ cV.>, Se-Set!i ~I<: M ~' ""C liSe - K ® J!Sl~~ lli:m 
"t' (}) itJ.tj ){: :b) .; ~ cV.> t: 0 
Coordination number Distance 
Br-Se bond 1.0 2.36 A 
Se-Se bond 1.0 2.28 
63 · 
3. 4 i!J( ~See. 5Cie.5, S e 0 . 5 B r 0 . 5 , S e 0 . 5 I 0 . 5 (J) ¢ t1 =f @ tfr 1;: J: 
~ 3 3 li i~ ~ S e 0 . 5 C I 0 . 5 , S e 0 . 5 B r 0 . 5, S e 0 . 5 I 0 . 5 {;: -? I.' -r "~ Jv 7. 
rp f1 =f @I ~fr ~ ~ 1;: J: 1J ~ II) t::. ;fB I~ ~ ~ S ( Q ) ~ ~ -to i5l1) ~ li S e 0 . 5 c I 0 
.s, S e A • s 13 r A • s li ~ 1f.A , S e 0 . 5 I 0 • s 1;: -? I.' "'C li :;ffi 7'~ ']:P ~ ffi I.' "'C 1JO f.-!': L 
1~ i~ s c A • s c 1 0 . s ,;: -? ", -r 11 o - 2 o A. - I (J) ;:r, 7Bi n f,Ji. J~ '* 1: 11 ..., t! IJ c 
l t::. 1~ illh /J) t~ .:t G n -r "' ~ o i.!J .; ~t t::. s < o > 1;: -? "' -r, o- 2. o A - 1 11 
~ 3 4 li ' s ( Q ) IJ) G 7 - 1) I ~ ~ 
9 ( ) ::: I -t I s QM, ({ y ~ s c G ) - I ~ ( :2.<_) (/ r- ? 7( 3 '??~ 0 
s-,' V\(G r-) 11 -, Q~1VlG.) o{ Q. 
f-. ~~ T\ 
1;: J:. ..., -r ;R II) t::. i~ ~ S e 0 . s C l 0 . s , S e 0 . s B r 0 . s , S e 0 . s I 0 . s (J) j}ijJ fi 51 :tri 
00 n g ( r ) 1? <f> ~ o w ( k ) li II a n n i n g ~ I~ ~ ( J:t ( 8 ) ) 1? <f> ~ o i~ i* S e a . 









t- Seo. 5~ro.5 
(c) 
l-Seo.5Io.5 
••• v ....... 
0 ~------~--------~------~------~ 
0 5 10 . 15 20 
ocA-1) 
m3 3 ~ "~Jv:-z.¢t1:=fftx6L~~I;:J: ...,-ri!}G~tt.:, (a)iCX~Sea.sCle.s C~W.), 
(b)i~i*See.sBra.5 (~itN.), (c)iCXi*Sea .sla.s (75.C) (J)f,~lili&FfS(Q) 0 ~(J)_Q 














6 8 10 
~ f* S e 0 . s C 1 0 . s ()) g ( r ) li ~ f* ¢ !<: S e 0) ~ 1,.' iJt iJi ff- ~ L ts.. 1,.' L. c ~ ~ 
~ L -c 1..' ~ o L. 0) L. c li, E X A F S 1<: ct ~ *1i ~ c b ~ {?; L -c 1..' ~ o 
c ~ ~ l:t If, ~ f* S e 0 . s C 1 0 . s c ll5J tj ts.. g ( r ) A ~ .IJ 1- Jv iJi ~~ ~ ;f1, ""( I,.' 
..A iJi l:J. ~ n ~ ct ? 1<: ts.. ~ o c.. 0) ~ li , s e - s e c S e - I 0) *1i 1?; ie M 0) :i!! 1..', 
~ ~ 1..' li I 2 ?1 r 0) ff- ~ ~ ~ 11.&: L -c 1..' ~ c ~ .:t ~ n ~ o i t: S e 0 . s C I 0 
- - b :2 < :L L 1 ~, b j 
2.. z' ~ ''b !'ca. J,~ b 
,· 
F 1 "1: li 1 -:> (J) 51 =f j;lg (J) i , j IL. -:> \,' ""C (J) l-J. fD ~ I{£ ~ , F 2 "1: li i c j IJ) ~ tJ. 
a,b 
o 51 =f IL. Jrf. T o c ~ IL. -:> \,' -c 0 l-J. fD ~ I& o o r i j li JJji =f ra, i§ ~ "1: #.;, ~ , 
~ ~ ~ (J) ~ "1: ~~To Debye-Wal Jer Factor~~ Uo 
G:l.r-;1. 
...(2j.p (_- :2 ) 
~ 0 ~ =f IL. ~ i n o (J 2 li JJji =f ra, i§ M OJ SJZ ~ 2 ~ ~ Ul. ~ £i{ -to (J ~ , 
51 .:r pg c 51 .:r ra~ c "1: 51 11 -c ~ ;t 0 0 51 .:r pq "1: (J) JJji .:r ra, i§ ~ (J) ~ .; ~· 
li , ~ ~ ~ ~ ~ l -c "' o 51 =f -r: li 1 o - 2 A ~ fJt -r: t.;, o o - 15, 51 =f ra, 
ie m 0 11> .; ~- li 51 .:r P'1 ~ ~ ie M 0 m .; ~ J: ~ tJ) * ~ "' e: ~ -t .; n, 
10- 1 A ~fJt "1: ~ 6 ?o t!-:> ""(, ~~~ =f (J) exp(-(J 2 Q2 /2) c "'? Jf~ (J) 
~ ~ ~ ~ ;t o c , Q > 1 0 A - 1 (J) ~Ji ~ T li, S ( Q ) li Iii c lv C' F 1 ( Q ) I<: J: -:> 
i o F 1 ( Q ) (J) .:C 7 Jv !M1 ~ "1: 7 -1 ·:~ 1- T n It .J§i \,' c ~ ;t 0 n o o F 1 ( Q ) 
(J) .:C 7 Jv ~ ~ c l ""C li , E X A F S (J) ~ ~ b~ 0 , ift f* S e 0 . 5 C I 0 . 5 li 
~ ~j I<: :lo \,' -c' F 1 ( Q ) c l -c IX (J) ;:t ~ ffl \,' t:: 0 
I J .:l. S't'VI ( G. R S'<> c;;e ) _ G.:J. q; 1 / h ( Q-) :=. I -t- bs-(l2_+_b_Ci_.l l bse G R S'e ~e ...e ~~ >~> ~ 
-+ b ce.2. ~t'V\ ( ~ Rceu) - r;;/)..(['cP~ 2 /2 
~ Ruw ~ 
St'"' ( G.R~u lt J) - G 2 0'; l/. 
.e_ S"c(J'(t) 2 
G Rs-ecP ( 1) 
R s e c I ( 1 ) ' R s e c I ( 2 ) li 51 .:r pg (J) ~ JJji .:r ra~ (J) i§ ~iff£ T il5 ~ ( ~ 3 5 ~ ~ 
Jffi ) , (J S e S e 2 , (J C I C I 2 , (J S e C 1 < 1 > 2 , (J S e C 1 < 2 > 2 li ~ /Jji T ra, i§ llfft 
rr -:> t:: o 7 -< ·:~ 1- ~ rr ? -¥ lilfi c l -c , i '"f g < r > 0 ~ 1 t::• - 1J b) .; s e 
u: (J ~ PJ ~ 0 / '{ 7 ;. - 1 e: l -c s < Q > 0 7 -1 ·y " ~ .rr -:> t:: o 
~ 3 6 I<: ift 1* S e 0 . s C 1 0 . s I<: -:> 1.' -c 0 7 -1 ·:~ 1- 0) ~ ~ ~ ;F To ~ 0) 
~ ~ b'> ~ ~ I<: J: ~ ::;K ~ 0 n t: S ( Q) , Ji!R ~ IJ) F 1 ( Q ) T il5 7.> o ~ ~ I<: J: o 
S ( Q ) 0 Q > 1 0 A - 1 OJ ~Ji ~ 1Ji F 1 ( Q ) c - ~ l -c \,' 7.> ~ c b'> 51 b~ o o ~ n t=.· 
l:t T tJ. < , 7 -1 ·:~ 1- ~ rr -:> -c \,' tJ. 1.' 7 A - 1 < Q < 1 0 A. - 1 0 ~Ji i~ T {) 2 -:> 
67 
\ i ) lll f* s e 0 . s c 1 0 . s li c 1 - s e - s e - C 1 0) ff~ :Z. L t:. ?1 -=f 'IJ) .; m I5X ~ n 
i i ) Q > 1 o .A - 1 0) iii !HI l:' li , S ( Q ) li F 1 ( Q ) l:' ~ * ~ o 
llt ~ S e 0 . s B r 0 . s, llt ~ S e 0 . s I 0 . s I~ -::> I.' -c b 151 m 0) ~ ~ ffl I.' -c , 7 
~ ffJ , 2 rni ffJ ~ iF -to S e 0 . s C 1 0 . 5, S e 0 . s B r 0 . s I~ -::> I.' -c li, S e W: -=f 
?n 3 5 ~ Cl-Sc-Sc-Cl)tyO)jf~t'(o :L\.(27)l:'ffil.'t:.Jjji-=fx10)~c.q~iFTo 0 : 
Sc, e : Clo 0) *5 ~ ffj' 2 rni ffj c b ~~ 9 0 . ~~ itt I,\ fl« c t.;. -:> -c \,\ ~ 0 
llt ~ S e 0 . s I 0 . s I~ -::> I.' -c , S e - I *5 ~ 0) rni .; t!! 'IJ; * ~ I.' fiii c t.;. -:> -c I.' 
~ o .:. 0) *5 m: li , E X A F S I~ ~ I.' -c , S e - I 0) *5 ~ 'IJ'> ~~ < , S e 0) ~ 
< - ~ L -c I.' ~ ct ? I~ .lffit b n ~ tJ;, g ( r ) ( ~ 3 7 ( b ) ) I~ ~ ~ L -c .It 
~ 1 
lf) 
I. ' * llt ~ S e 0 . s I 0 . 5 0) S e JJ.t 0) .l¥ iS] ~ ~ n c L -c , lll ~ '/Ji I - ( - S e - ) n -
5 15 20 1-(-Se-)n-1 
I 2 (n-2)/2 





atomic distances/root-mean-square displacement 1 
sample Se-Se Se-X(l) Se-X(2) X-X {/) 
1-se0 . 5c1 0 . 5 2.32 A 2 . 19 A 3.52 A 4 .37 A 
±0 . 06 ±0.08 ±0 . 14 ±0.20 
0 
l-se0 . 5Br0 . 5 2 . 28 2 . 38 3 . 66 4. 57 0 5 10 15 20 
±0 . 07 ±0.09 ±0.14 ±0. 18 Q(.A) (\ 
l-seo . 5Io . 5 2 . 34 2 . 52 3 . 75 4. 77 
±0 . 08 ±0 . 19 ±0 . 16 ±0. 19 
3 ~---.~---,----~----~-----
( b ) 
sample bond a ngle d i h e d ral a n gle 
2 
102. 8 5' 
i\ 
104 83 
10 1 89 
6 8 10 
-- 4 (J) fill tJi m ~ n, E x A F s 1;: J: 7.> re ur ~ (J) *6 m tJ> ~ -r- :ta ~ n 7.> 
ftti C - ~ L ""C '-' 7.>o 
.::. ~'L i -r: (J) *a W: iJ) ~ , il?i 1* S e 0 . s c I 0 . s, il?i 1* s c e . s B r e . s li X - s e - s 
""C .::. '7! .::. n ~ (J) ~ *4 IL. "? t.' ""C' .:::. 'iR. (J) 15 iE. IL. t'f: t.' 3 2 - 3 4 > , 7} =f ra1 (J) 
1Q B0 F 2 ( Q ) li: -::> t.' -r ;)5· ~ -t 7.> o 
t~ r ; . r j c 1<: 7-1 It -r ~- .:t 7.> o 
i , j li, ~ t.;.. 7.> ?1 =f a, b IL. ~ i n 7.> ljj{ =f (J) 1i ~ '7! it> 7.> o R a b li ?1 =f (J) 
~Ji! H/i r.~ P.1, (J) ~l! lmt -r: it> 7.> o r i , r j li, ~ 7} .::;. (J) m kW s iJ) ~ , i & rf j m 
-=f i '7! (J) i§ ~it -r: i5 7.> o .::. 7 -t 7.> c F 2 ( Q ) li 1X (J) J: 7 1<: 2 -::> 1<: ~ .::;. (J) M 
-r: i5 ~ b ;; n oo 
Jjj{ r i' j li 13- ;~ ?1 -=f a... b I<: ~ * n -r t.' {> c -9 7.> o R a b li... ?1 -=f a, b (J) 
m i1f. B rr.n (J) -"" /J 1- Jv '7! i5 7.> o F 2 ( Q ) li ?1 r RH (J) 1§ Bij -r: i5 ~ IJ) ~ R ab.e 0 
'7! it> o 51 r 1<: -::> t.' -r (J) ~ ;fD ~ ~ o .::. c ~ L - -r: ~ L -r t.' .:, o 
i -r ?1 .::;. ru1 li: li ~ lol m ~~ iJi t.;.. ( ' ?1 .::;. iJi ft f..Jl ;; ~1, -r t.' 7.> c ~ .:t 7.> 0 
-t 7.> c lJZ lSJ < > li '(X (J) J: 7 1<: fl1i .ttl 1<: t.;.. o o 
( 5' ~ C (). ) - I ) f::v. ( Q ) 
(~I) 
s u ( Q ) li ' ?1 7- (J) ~..Q DIJ F.J. (J) 0 :(fi ~ * -t *·\f ~ ~ .::;. 4 4 ) -r: J) 7.> 0 * lVf ~ -r: 
li ' 1§ rm ~ Ni t:. t.;.. t.' s e 2 c I 2 7} .::;. li: J: " tm rvz ~ n -r t.' 0 il?i !* li ' h a r d 
s p h c r e :H 7 / Y -t Jv IL. J: o *'\j ill! [l(1 =f S h 5 ( Q ) '7! ""C (J) S u ( Q ) ~ .i!J: f!t). '7! ~ 
~ c f& :@ L t:. o ~ ~ li: li P c r c us Y e v i c k M~ 4 5 > ~ m t.' t:. '(X (J) J:.\: ~ {~ --=> 
(~ 2) 
d. c I + .JIJ/} ) 
2 I ( 1- "? ) (j_ ( ?.3 ) 
/3 - - · 6 /)r t t-t ~ ~ ) I ( t- i ) ~ I 
r - j'1J. 
TJ li 5} r (J) P a c k i n g f r a c t i on , s li :t! 7 Y Y 1· Jv (J) .:j! if -r: it> .:, 0 S h 5 
( Q) li: m iJ> "? -r t.' 7.> m IX ~~ n li II a r d s ph ere ~t! 7 / y -t )V ~ ~ "? -r t.' 
.:, t:. 66 1<: ' Q ti; )\ ~ t.' c .::. 6 -r: ~ .{J IJi. * ~ ( t.;.. I) -t t!! .:, (J) ~ l!ll .:t 7.> t:. 
66 1<: W, A L t:. h (J) '7! i5 7.> o il?i 1* S e 0 . s C l 0 . s cp -r: S e 2 C I 2 71 r iJi l£ loJ 1~ 
M ~ Ni t:. t.;.. It ~'L li... S ( Q ) li F 1 ( Q ) + F 2 ( Q ) -r: * ;; n .:, li f -r: i5 7.> o JC- .::. 
-r: , S(Q) 1<:-::> '-' -r s~ ~~ 7 J.- 7 c L -r :fil'J' El ~ 7 1 ·;; 1- ~ fT--=> t:.o 
.: ~ c ~, F 1 ( Q), F u ( Q) ~ ~ ~ 7.> t:. ~ ~ 51 =f ~ Jf~ ~ I\: li, F 1 ( Q) I\: .k 







5 15 20 
;r; 3 8 jgj iiX ~ S e0 . sCI 0 . 5 ~ S ( Q )1.: "? t. q:·, 51 =f nn I\: l£ [OJ ~ 11] Bl] /)) tJ: t.' c L -c 7 
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The structure of liquid ( 1-) selenium-halogen mixtures has 
been studied by both EXAFS and neutron seat te ring measurements. 
The concentration variation of the coordination numbers of Se and 
halogen atoms around the central Se atom were determined . It was 
found that all Cl atoms in 1-Se Cl act as 1-x x chain terminators . 
The rapid contraction of Se-Se and Se-Cl bonds was observed when 
the Cl concentration approached 0. 5 . F 1 S I or - el-x x' I atoms are 
not always incorporated in the chain molecules , and the excess I 
atoms form Iz molecules. The intermolecular orientational corre-
lation for l-se0 . 5cl 0 . 5 and l-se0 . 5sr0 . 5 will be discussed uti-
lizing the results of the neutron scattering experiments . 
1 
§!.Introduction 
The measurements of viscosity,!) magnetic susceptibility2-4) 
the Se chain on the average is and N~JR 3 ' 5 ) have suggested that 
composed by 10 4 to 10 5 atoms near the melting point and that it 
becomes shorter as the temperature is raised. When the chain 
scission OCCltrs in the liquid state, neutral dangling-bond states 
are created at the chain ends. 
The v 1' s cos 1. t y o f l1' q 1.1 1' d S e · d d 1s ecrease substantially by 
adding halogen impurities.1,6) Recently we have found that the 
electrical conductivity increases considerably and the thermo-
power becomes large and positive when halogen impurities are 
doped in to liquid Se, and that these impurity e f fcc ts increase 
with the increasing electronegativity of the halogen atom.7,8) 
These results suggest that the impurity may have a strong influ-
ence on the modification of the chain structure. 
It is in teres ting that in Se- halogen binary sys terns the 
melting point decreases dramatically with increasing halogen 
concentration, up to the eutectic composition of about 50 at.% 
halogen. 9 -lll In the case of the Se-Cl sys tern the eutectic 
temperature is as low as about -50"C . It has been reported that 
there exists a stable crystalline form, 9' 1 2 ) "'hich consists of 
Se2Cl2 molecules, at 50 at.% Cl, while in the gas phase SeC1 2 
molecules 13-l 5 l are found to be stable rather, than se 2c1 2 . In 
the Se-I system, 11 ) on the other hand, 
been found in both solid and gas phases. 
no stable compound has 
However, no information 
has been available to-date about the structure of liquid Se-
halogen systems. 
It has long been argued that EXAFS is a good tool to investi-
2 
gate local structure of disordered systems such as liquid s . 
Nevertheless, there has been little application of the EXAFS 
technique to liquids . This is largely due to the difficulty of 
conlaining a stable liquid sample which is thin enough to trans-
mit the X-ray beatn . Recently we have overcome t h is problem by d e-
veloping a new sample cell. 16 l A more serious problem is the fact 
that EXAFS signals from a liquid are i n general strongly damp ed, 
OH i ng to the in he rent disorder of the atomic arrangement and 
thermal agitation . 17 l HoHever , the EXAFS signal is unusual l y 
large where the photoelectron is backscattered by the covalently 
bonded neighboring atoms . In addition, EXAFS does nol add ress t he 
low momentum range compared to the X-ray or neutron diffraction 
method. However , EXAFS can give useful information on the neig h -
boring configuration around a particular atom as long as the 
atoms are covalently bonded . Therefore it is expected t hat 
intramolecular correlations can be selectively extracted by EXAFS 
measuremettls in liquid Se-halogen systems . To determine t h e 
spa l i al cor relation beyond the near- neighbor distance, neutron 
diffraction methods are more useful than EXAFS . 
In the present paper we study the intra- and intermolecular 
correl1'\tions in liquid Se-halogen systems by means of EXAFS a nd 
neutron diffraction experiments; these methods are complementar y 
in the sense described above. 
3 
§2 . ExpcrimcnLal 
2 . 1 Sample preparation 
Liquid selenium-chlorine mixtures (l-se 1_xClx) were prepared 
by mixing the appropriate masses of granular Se ( 99.999%) and 
liquid SeC! (99%) for the t t" 0 0 5 concen ra 1on range < x< . , and by 
mixing granular Se and SeC1 4 powder ( 99 . 5%) for 0 . 5<x<O. 8. The 
mixtures were sealed in evacuated glass tubes and heated at about 
150 "C for 1 day . Since Se 1 _ _,Flx mixtures arc easily dissociated 
into SeC1 2 and c1 2 gases in the presence of moisture, we handled 
them under dry argon atmosphere. 
Liquid Seo. 5Br0 . 5 was made from granular Se and SeBr4 powder 
(99 . 5%) in a way similar to the Se 1 _xClx mixtures. We handled the 
SeBr4 sample in lie gas which had been dehydrated by passing it 
through a liqu i d nitrogen trap, because SeBr4 is mucl1 more sensi-
tive to moisture . Liquid Se 1 _ I mixtures were made from granular X X 
Se and I flake (99.8%) . The errors in concentration in each case 
\vere smaller than 1% . 
2 . 2 E.YAFS measurements 
Fused q11artz was chosen as a sample cell material . (Figure 1 
shows this cell.) Two quartz tubes with inner diameters of 4mm 
were prepared with closed ends for the X-ray window. These ends 
were polished to a thickness of about 300 ~m in order to improve 
the efficiency of X-ray transmission . The two tubes were then in-
serted into an outer tube and ,,·elded to it at the ends . The 
thickness of the sampl e region was estimated from the .thickness 
of the graphite spacer; this "'as placed bet,veen the t"·o inner 
tubes before welding and was burned out a f terwards . 
4 
The sample Has sealed in the reservoir of the cell under 
,·acuum and flo\ved into the test region upon heating. An X-ray 
photogruph confirmed that the test region was completely filled 
wiLh the liquid sample . 
~!easurements \-.·ere taken both in the liquid state and also in 
the supercooled state, as denoted by the crosses on the phase 
diagrams 9 ' 11 ) in Fig. 2. The freezing point was determined by 
monitoring the density change from the X-ray absorption measure-
ment. The stability of the temperature during a run \vas better 
than ±o.s · c . 
The EXAFS experime n ts around the Se K-edge for 1-Se Cl 1-x ·x 
and 1-Se l-xi x mixtures were carried out using the spectrometer 
ins tall ed at the BL-1 OB stat ion of the Photon Factory in the 
National Laboratory for High Energy Physics (KEK). 18 ) With a 
silicon (3111 channel cut monochromator , an energy resolution of 
1 . leV at 9keV was achieved with a typical photon flux of 109 
photons/sec, when the storage ring was operated at 2 . 5Gev and 
300mA. The intensity of the incident beam, I 0 , and that of the 
transmitted beam, I, were measured using two ionization chambers 
f i 11 ed ,.,. i th 8 5% ni trogen-15% argon mixture for I 0 and with pure 
argon for I. The surveying energy region for the X-ray absorption 
spectra was from 12 . 4keV to 13.8keV. In a typical run it took 20 
m i nut e s to s u r v e ~· the energy reg ion around S e K-ed g e . 
In order to extract the EXAFS oscillation x ( k) as a func-
tion of photoelectron wave number k, the background absorpt ion 
was subtracted from the observed absorption, ln( I 0 ! I) , using the 
Victreen fit in the pre-edge region. The absorption of an isolat-
ed atom IJ.ot was estimated using the cubic spline technique. 19 ) 
5 
The subtracted spectrum was then normalized by J..l. 0 t to obtain 
X ( kl. 
2.3 Pulsed neutron scattering measurements 
Pulsed neutron scattering measurements for l-se0 . 5cl 0 . 5 , l-
Se0.5Br0.5 and l-Se 0 . 5 r 0 . 5 were carried out using the HIT spec-
20) tromcter installed at the pulsed neutron source of KEK. HIT is 
a high intensity total scattering spectrometer specially designed 
to measure the structure factor S(Q) over a wide range of momen-
tum transfer. About ten hours were required to obtain the 
time-of-flight spectrum with 2048 channels for one sample, and 
more than ten thousand neutrons were accumulated per channel . The 
liquid sample was held in a cylindrical cell made of Ti-Zr null 
alloy; this cell had an 8. Omm inner diameter, an 8. 6mm outer 
diameter, and was about 8cm high. The measurements were carried 
out at room temperature for l-Se 0 . 5cl0 . 5 and l-Se 0 . 5 sr0 . 5 , and at 
75·c for l-se0 . 5 I 0 . 5 . 
In order to extract S(Q) from the measured neutron intensi-
ty, I(Q), the following formula 21 • 22 ) was used to correct for ab-
sorption and multiple scattering effects: 
1 
{ 
I( Q) Ivl Q) 
S(Q) 
( 1 ) 
Here Ic( Q) and Iy(Q) are the measured neutron intensities for the 
empty Ti-Zr cell and a vanadium rod standard sample , respec-
tively. 47t<b2 > is the coherent scattering cross section of the 
sample and (J v is the incoherent scattering cross section of 
vanadium. Aa ,p is the absorption factor for neutrons which are 
6 
scattered by a and transmitted by fi. The subscripts c, sc , and V 
denote the cell, the sample plus cell , and the vanadium rod, 
respectively. These factors were calculated by the method pro-
posed by Paalman and Pings . 22 l Multiple scattering terms 6 for 
the sample plus cell and 6 v for the vanadium rod t.,rere obtained 
from the work by Blech and Averbach. 23 ) D is the total number of 
atoms in the sample located in the neutron flux and Dy the number 
of vanadium a toms in the flux. Sine is the isotropic incoherent 
seat tering term for the sample . A more detailed description of 
the data processing has been given elsewhere.* 
* K. Maruyama, Thesis (kyoto University, Kyoto, 1991) 
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§3.Results and Discussion 
3.1 EXAFS of liquid Se1 _xClx 
Figure 3 shows Se K-edge EXAFS oscillation, x ( k), along the 
liquidus curve for 1-Se (a), l-Se 0 . 9cl 0 . 1 (b), 1-se0 . 8c1 0 . 2 (c), 
l-se0 . 7cl0 . 3 <d),l-se0 . 6cl 0 . 4 (e), 1-se0 . 5c1 0 . 5 (f), 1-se0 . 4c1 0 . 6 
(g) and l-Seo . 33cl0 . 67 (h) as a function of photoelectron wave 
number k. The amplitude of X ( k) for 1-Se exhibits a maximum 
around 7 A- 1 and varies in a way similar to the backward scatter-
ing amplitude 24 ) from a Se atom; this is denoted by the broken 
line in Fig . 3(a) . As the Cl concentration increases the maximum 
near ,... -1 b 1 A ccomes less pronounced and the amplitude of X(k) in 
lo"' k region becomes larger. For l-se0 . 33cl0 . 67 the amplitude of 
X ( k) decreases mono tonically with increasing k. Th is k-depend-
ence coincides t,•ith the back\vard scattering amplitude2 4 ) from a 
Cl atom, as denoted by the broken line in Fig. 3(h). 
Figure 4 shows the radial distribution function : F( r): 
around Se atom for 1-Se ( a) , 1-se 0 . 8c1 0 . 2 (b), 1-se0 . 6c1 0 . 4 (c), 
l-Se 0 . 5cl0 . 5 (d) and l-Se 0 . 33cl0 . 67 (e). The :F(r): were obtained 
by a Fourier transform of x (k): 2 5) 
1 
F( r) = r)\!08X JY'( k)kx ( k)e2ikr dk I J ]· 
'min 
( 2 ) 
He used a Hanning window for w( k) to reduce the spurious peaks 
caused by a finit e integral region. Typical values of kmin and 
kmax were taken to be 3.0 A-land 16 A- 1 , respectively. 
For 1-Se a peak exists around 2. 0 A, corresponding to the 
covalent bond length of Se-Se. \vi th increasing Cl concentration 
the peak position shifts toward smaller r. In the concentration 
range above x=O. 5, a shoulder is observed on the large r side; 
8 
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lhis may result from an interference effect between the EXAFS 
signals from neighboring Se and Cl atoms. 
It is reasonable to assume that the Se chain is shortened 
by the adu ilion of Cl, as is known from the viscosity measure-
ments. In order to obtain the atomic arrangements of Se and Cl 
around a central Se atom, we carried out a curve fitting analy-
sis. First, we calculated the back Fourier transform, x ( k), of 
F(r) around Lhe first peale Then we fitted k 3 x(ld by means of 
the least square method with the following EXAFS formula based on 
a single scattering approximation:2 5 ) 
2 2 2 sin(2kclrcl-¢cl(kcll) +Ncl 13c1 ( kcl) k exp( - 2 0" Cl kcl )---~=--~. --"'-'~-"'-=---
rcl 
( 3 ) 
where 
and 
The \veighing factor 1c3 was introduced to compensate for reduc-
lion of the x ( k) amplitude in the high k region. The first and 
second terms of eq. ( 3) represent the Se-Se and Se-Cl correla-
Lions respectively. The subscript , Se or Cl, specifies the neigh-
boring atom. lJi ( k) is Lhe backward scattering amplitude from i-
alom and ¢ 1 (k) is the phase shift experienced by the photoelec-
tron which is emitted from the central Se atom and scattered by 
neighboring i-atom. Numerical values of Bi ( Jc) and ¢ i ( lc) are 
adopted from the supplement table calculated by McKale et a1 . 24 ) 
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S is a scaling fa c tor which includes the decaying effects of the 
photo-elE:'c tron "'ave due to the finite mean free path. In the 
pre sent an a l :v s i s S ,,, as f i xed to be 0 . 6 5 so as to g i \' e N S e = 2 for 
1-Se. Ni represents Lhe coordination number of i-atoms ,,,hich are 
situated at an average distance of r-1 with the mean square dis-
placement of 2 (j i . represents a small correction to the 
energy of absorption edge . The values of !:::. Eoi ranged from 4 to 
7 eV. The values resulting from this fitting procedure are listed 
in Table I. 
Figure 5 (a) and (b) shows the average coordination numbers 
of Se, NSe' and Cl, NCl' around a central Se atom for l-Se 1 _xClx, 
as derived from fitting xlk) "'ith eq. (3). The temperature 
variation of the coordination number is very small in the meas-
ured range. The value of Nse decreases \vi th increasinq Cl concen-
tration x, being about 1 at x=O.S and nearly 0 at x=0.67. On the 
other hand, Ncl increases from 0 to 2 as x increases lo 0.67. 
Figure 6 shows schematically how the Se chain structure is 
modified by the addition of Cl. Since the electronegaLivity of Cl 
is much larger than that of Se, the electrons are expected to be 
transferred from Se to Cl '"hen the Se chains are Lermi na ted by 
Cl. Here we assume Lhat every halogen (X) atom acts as a chain 
terminator to form Lhe molecules X-(-Se-) 0 -X, \.:here n=2/x- 2. 
Then Nse and /\-X are given by 
2n - 2 2 - 3x ( 4 ) = 
n 1 - x 
and 
2 ( 5 ) Nx = = 
n 1 - X 
The calculated values are sho,.,rn in Fig. 5 by the dashed lines· 
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The agreement bet1veen the observed and calculated values is 
good, impb·ing that l-Se1 _xClx is composed of the molecules 
Cl-(-Se-)n-Cl, as assumed . 
Figure 7 (a) and (b) shows the bond length of Se-Se, rse 1 
and Se-Cl 1 rC'l 1 obtained from the fitting for J Se Cl as a 
- 1-x x 
function of x. The Se-Se bond length is nearly equal to that of 
pure 1-Se al low x and begins to decrease near x=0 . 2 1 where n is 
estimated to be 8 . A sharp drop is seen when x approaches to 0.5, 
where most molecules are expected to have a s true tural formula 
Cl-Se-Se -Cl. for x~ 0. 5, the Se-Se bond leng lh is independent of 
x. The charge transfer from Se to Cl leaves a hole in the lone-
pair orbital of Se and an additional n: -bond lends to be formed 
bet1,•een Se atoms . This may result in the contraction of the Se-Se 
bond . A rapid contraction of the Se-Cl bond is also observed when 
x increases to 0.5. The Se-Cl bond length above x=0.5 is compara-
ble lo lhe sum of covalent radii of Se and Cl . 
The Cl impurity is considered to act as a charged additive . 
However, the experimental evidence that Se-Cl bonds contract with 
decreasing n may suggest that the bonding nature between Se and 
Cl changes from ionic to covalent. As shown in Fig . 8, <J Se 
decreases rapidly near x=0.5, which implies that fluctuations in 
the bond length are small for the simple molecules. 
3 . 2 E.\4FS of liquid Se 1 __ ,Jx 
Figure 9 sho1vs Se K-edge EXAFS oscillations 1 x ( lc), along 
the liquidus curve for l-se0 . 75 r 0 . 25 (a), l-se0 . 5 I 0 . 5 (b) and 1 -
Seo. zio. 8 ( c I as a function of photoelectro n wave number k . For 
amplitude of X ( k) in low Jc region becomes larger 
11 
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h•hen the I concentration increases. The backward scattering 
amplitude 24 ) from I atom is shown in Fig. 9(c) by the broken 
line. It is observed that the maximum in the amplitude of x (k) 
at around k.=7 A- l t"ll · t f 0 8 s 1 e:-ns s or x= . , suggesting that the 
Se-Se bond persists at high I concentrations in the Se-I system. 
Figure 10 shows the radial distribution function : F( r): 
around Se atom for l-se0 . 75 r 0 . 25 (a), l-se0 _5 r 0 . 5 (b) and l-
se0. 2!0. 8 (c); this was obtained by a Fourier transform of k 
Limes X ( k). The peak position shifts slightly towards larger r 
and the peak becomes broader with increasing I concentration. 
The X (k) spectra for l-Se 1 _xix were fitted with the same 
method as for l-Se 1 _xClx to get the structural parameters. Table 
II shows the resulting values. Figure 11 (a) and {b) display the 
coordination numbers of Se 1 Nse 1 and I, NI , around a central Se 
atom for l-Se 1_xi x as a function of x. \Vi th increasing x 1 Nse de-
creases and ·"'I increases. The dashed line in Fig . 11 represents 
Lhe concentrat ion variation of Nse and Nx described by eqs . ( 4) 
and (5) . The NI curve deviates downwards from what it Hould be if 
all I atoms '"ere chain termi.nalors 1 and the Nse does not tend to 
zero even for high x. Therefore I atoms are not always incorpo-
rated in to the chain molecules, 1 n contrast to Cl a toms. The 
excess I atoms may form I 2 molecules. Figure 12 {a) and (b) shows 
the Se-Se and Se-I bond length for l-Se1 _xix as a function of x . 
The Se-Se bond length becomes slightly shorter with increasing x 
and Se-I bond changes liltle. This suggests that the charge 
transfer between Se and I atoms is small. The strength of the I-
Se bond is nearly equal to that of the I-I bond; hence they may 
be interchangeable as shoHn in Fig. 13. 
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3.3 Structure factor of 1-Sc0 . 5c10.5' 1-Se0 _5Bro.S and 1-
Seo .sio.s 
Figure 14 shows the Lotal structure factor S(Q) obtained by 
neutron scattering measurements for l-Se0 . 5cl 0 . 5 at room tempera-
ture (a), l-Se 0 . 5sr0 . 5 at room temperature (b) and l-Se0 . 5 r 0 . 5 at 
75' C . The dots represent the experimental data and the solid 
lines the back Fourier trans form of the to tal pair correlation 
function g( r). 
-1 For l-Se 0 . 5c1 0 . 5 , the first peak appears at around 2.0 A . 
The second peak, at about 3. 5 A - 1 , is higher than the first, and 
the Lhird peak has a shoulder on the high Q side . Oscillations i n 
S(Q) are seen clearly even in the high Q region near 15 A- 1 . For 
l-se0 . 5sr0 . 5 and l-se0 . 5 r 0 . 5 , S(Q) is similar to that of l-
Se0 . 5cl0 . 5 except that the shoulder on the third peak is blurred. 
Figure 15 shah's g(r) of l-Se 0 . 5Clo . 5 (a), l-Seo.5Br0.5 (b) 
and l-se0 . 5 r 0 . 5 (c) derived from eq . (6): 
1 sin( Qr) 
----4 n; Q2 r.r( Q) d Q , ( 6 ) g( r) = 1 + Qr 
where n 0 denotes the number density of atoms and '"( Q) is the 
Hann ing windoh' function . A sharp and distinct first peak is seen 
around r=2 . 2 A for 1-se0 . 5c1 0 _5 . This peak may correspond to the 
Se-Se and Se-Cl bonds within the Cl-Se-Se-Cl molecul e . The second 
peak of g(r) has a rather asymmetric shape, with a tail extending 
on the large r side . The g(r ) curve is severely damped at dis-
tances longer than 7 A; this feature is consi stent \vith the 
EXAFS result Lhat no lon g c hain molecule exists. 
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The shape of g(r) for l-se0 . 5sr0 . 5 is nearly the same as for 
l-se0 . 5cl0 . 5 , although the first peak shifts to larger r and its 
width is nar-roHer. For l-Se 0 . 5 r 0 . 5 , g(r) has a shoulder on the 
high-r side of the first peak. 
From the EXAFS results it \vas found that l-Se 0 . 5Clo. 5 is 
composed mainly of Cl-Se-Se-Cl molecules. As a first step, we 
deduced the intramolecular structure factor F1 ( Q) from the ob-
served S(Q) in high Q range, where the intermolecular structure 
factor is expected to be reduced subs tan t iall y. The S( Q) data 
v.•ere analyzed in Lhe Q range from 
following equation: 
10 to 19 -1 A 







Q 6 ClCl 
2 
b;v using 
sin( QRseCl( 1)) 2 2 Q 6 SeCl ( 1) 
t 2 bs e be 1 ( eX p ( -
QRseCl(l) 2 
+ 
sin( Cl>RseCl( 2) > ------~~~~~-exp(-
2 2 
Q 6 SeCl ( 2) ) ] } ' 
QRseC1(2) 2 
the 
( 7 ) 
\vhere bse and bel are the coherent scattering length of the Se 
and Cl nuclei, respectively . Ra l3 is an atomic distance between 
a and 13 atoms and <J a l3 is its root-mean-square displacement · 
The subscripts SeSe and ClCl indicate the intramolecular Se-Se 
and Cl - Cl atom pairs . SeC1(1) indicates the directly bonded Se-Cl 
pair and SeC1(2) is the second neighbor ing Se-Cl pair. 
The agreement between the calculated F1 {Q) and observed S(Q) 
curve was excellent in the Q range 7<Q<20 A- 1 , which is much 
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than the fitting range. This confirms the existence of 
CJ-Se-Se-Cl molecule in l-Se 0 . 5cl 0 . 5 . The same analysis was 
carried o11t for J-se 0 . 5sr0 . 5 and l-Se 0 . 5 I 0 . 5 . In Table III, the 
atomic distances and their root-mean-square displacements, the 
bond angle formed beLHeen the Se-Se and the Se-halogen (X) pairs, 
n rH.l the d i he d r a l an g l e are 1 i s ted for 1-S e 0 . 5 C l 0 . 5 , 1-S e 0 . 5 B r 0 . 5 
and J-se 0 . 5 r 0 . 5 . The Se-Se and Se-X bond length in l-se0 . 5cl0 . 5 
and l-Se 0 . 5 r 0 . 5 obtained from neutron scattering are in fairly 
good agreement with the EXAFS results. However, the shoulder on 
the first peak of g(r) for l - Se 0 . 5 I 0 . 5 could not be reproduced by 
Lhe above analysis . 
As an alternative, the first peak of g(r) was fitted 
assumpt:i on that the l iguid is composed by I-(-Se-) -I n 
on the 
and 
moJ ecuJ es. The results indicated that the shoulder of the first 
peak could be assigned to the I-I bond length of 2.7 A in the r 2 
molecule, and that n was about 3. 
Next, h'e cons ide red the intermolecular correlation of 
Cl-Sc-Se-Cl molecules in liquid sLate . Recently Misawa, 26 - 28 l 
ex lending an idea by Egcl staff e t al. , 2 9 ) has proposed a new 
renlisLic melhod for deducing orientational correlation from the 
measured lotal structure factor. In this method S(Q) is written 
as: 
S(Q)=Su(Q) + 6S(Q) 
where Su(Q) is the structure factor of the liquid 
completely uncorrelated molecules and 6 S( Q) is 
( 8 ) 
consisting of 
a correlation 
term arising from preferred orientation . Using the intramolecular 
structure factor F 1 (Q), Su(Q) is given by: 2 9l 
15 
( 9 ) 
Here ~1 (Q) is knoHn as the intermolecular form factor, Hhich was 






In eq . ( 10), rse and rcl denote distances of Se and Cl atoms from 
the center of Se-Se bond. The value of rse and rcl are determined 
from the molecular structure lis ted in Table I I I. The s true ture 
factor of the center of Se-Se bond, Shs(Q), is assumed to be 
given by the Percus-Yevick hard-sphere model, having an effective 
diameter the damping factor introduced to minimize 
the oscillation in the high Q region caused by the hard sphere 
potential . 
\ve assumed further that the Se-Se bond in a molecule is 
parallel to that in neighboring molecules, as seen in crystalline 
phase, 12 ) in order to reduce the number of the fitting parame-
lers. Thus the orientational correlation is given by the spheri-
cal coordinates (Rc, e, ¢ ) of the center of Se-Se bond in the 
second molecule relative to the center of first molecule, and the 
molecular rotation e around the Se-Se bond of the second mole-
cule. (See Fig. 16). The correlation term 6.S(Q) is given by: 
sin(QR· ·) 
X b. b .. - -----==-1 ~J-exp(-
.. l J QR . . lJ lJ 
6. S( Q) 
2 
6. R 2Q2 
u ) ( 11 ) 
2 
where R . . is the distance between two atoms i n different mole-lJ 
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cules and is a function of Rc, e 
root-mean-square displacement of R· ., lJ and 
and G . 6 · · is the lJ 
for simplicity is as-
sumed to be proportional to the atomic spacing, i.e. 
The subtraction of the second term on the right hand side of eq. 
( 11) is needed to replace the uncorrelated nearest neighboring 
molecules by the correlated ones. Ru is what the distance between 
the centers of the two molecules would be if they were in an 
uncorrelated orientation . nc is the number of correlated mole-
cules. 
The most probable orientation was determined by fitting of 
the observed S( Q) \-J i th eqs . ( 9) and ( 11) . The fitting parameters 
were nc, e I ¢I G I Rc, 0 c' s , Llhs' Ru and b.Ru. Since Cl-Se-Se-
Cl is a chiral molecule, there are two configurations of molecu-
lar pair . The fitting was better for the antipodal configuration. 
In Fig. 17 the calculated g(r) (dotted line) is compared with the 
observed one (solid line). The dot-dashed line denotes the corre-
la Lion between the or ien La t ionall y correlated neighboring mole-
culcs and the doL-doL-dashed line indicates the intermolecular 
distribution without orientational correlation . The dashed line 
represents the intramolecular distribution. The first peak of 
g(r) is composed fully of intramolecular Se-Se and Se-Cl bonds, 
and the asymmetric second peak near 3 . 6 A is mainly a result of 
intermolecular Se-Cl correlations . The probable orientational 
correlation between neighboring molecules is illustrated schemat-
ically in Fig. 16. 
The same analysis was carried out for l-se0 . 5ar0 . 5 , and the 
intermolecular structural parameters are listed in Table IV for 
17 
§1 . Summary 
We have studied the structure of liquid selenium-halogen 
mixtures via EXAFS and neutron scattering measurements. From the 
EXAFS measurements, the concentration variation of the coordina-
tion numbers of Se and halogen atoms around the central Se atom 
were determined. The results reveal that all Cl atoms · 1n l-se1 _ 
xClx act as chain terminators. The rapid contraction of Se-Se 
and Se-Cl bonds is observed when the Cl concentration approaches 
to 0.5, where most molecules have a structural formula Cl-Se-Se-
Cl. For l-Se1-xix, I atoms are not always incorporated 1n the 
chain molecules and the excess I atoms form I 2 molecules. This 
suggests that the charge transfer between Se and I is small and 
that the I-Se and I-I bonds are interchangeable. 
Both the intra- and the intermolecular structures were 
obtained for l - Se 0 5c1 0 5 and l-Se0 5Br . . . 0. 5 from neutron scatter-
ing measurements . The first peak of g( r) is fully composed 0 f 
intramolecular Se-Se and Se-X bonds, and the asymmetric second 
peak is mainly a result of intermolecular Se-X correlations. 
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Figure captions 
Figure 1. The quartz cell used for EXAFS measurements on 
liquid samples. 
Figure 2. The temperatures and concentrations at which EXAFS 
measurements \~ere carried out are denoted by crosses on the phase 
diagrams of Se-Cl system 9 ) (a) and Se-I system11 ) (b). 
Figure 3. The EXAFS oscillation, x ( k), near Se K-edge for 
1-Se at 250 ' c (a), 1-se0 . 9c1 0 . 1 at.. 220'c (b), l-Se 0 . 8cl0 . 2 at 
180'C (c) ' 1-se0 . 7c1 0 . 3 at 130'C (d) ' 1-se0 . 6c1 0 . 4 at so·c (e) ' 
1-se0 . 5c1 0 . 5 at room temperature ( f) ' l-se0 . 4cl0 . 6 at 110'C (g) 
and l-Seo . 33C1 o.67 at.. 1so·c(h) as a function of photoelectron 
1vave number k. The electron backward scattering amplitudes 24 ) 
from Se and Cl a toms are shown by the broken 1 ines in (a) and 
(h), respectively. 
Figure 'I. The radial distribution function : F( r): around a 
Se atom , obtained by Fourier transform of k times X (k), for 1-Se 
(a), l-Se 0 . 8cl 0 . 2 (b), l-Se 0 . 6cl0 . 4 (c), l-Se 0 . 5cl0 . 5 (d) and l-
Se0 .33Clo·.6 7 (e). 
Figure 5. The partial coordination number of Se (a) and Cl 
( b ) around a central Se atom , derived from xI k), for l - se 1_ 
xClx, plotted as a function of x. The dashed lines are the calcu-
laled curves from eqs. ( 4 ) and ( 5) . The numbers above the figure 
represent the mean chain lengths n . 
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Figure 6. A schematic illustration of how the Se chain 
structure is modified by the addition of Cl. 
Figure 7. The Se-Se (a) and Se-Cl (b) bond lengths, obtained 
from X ( k), plotted as a function of x for l-Se 1_xClx. The 
solid lines are guides for the eye . The numbers above the figure 
represent the mean chain lengths n . 
Figure 8. Concentration variation of <J Se for 1-Se l-xCl x· 
The solid line is a guide for the eye . The numbers above the 
figure represent Lhe mean chain lengths n. 
Figure 9. The EXAFS oscillations, X ( k), near Se K-edge for 
l -Se o . 75 r0.2S at 150 ' C (a), l-Se 0 . 5 r 0 . 5 at 60'C (b) and l-
Seo .2 I0 . 8 at 95 ' C (c) as a function of photoelectron wave number 
k. The electron backward scattering amplitudes 24 l from I atoms is 
shown by the broken line in (c). 
Figure 10. The radial distribution function :F(r): around a 
central Se atom, obtained from Fourier transform of k times 
X ( k) , for l-se 0 . 75 r 0 . 25 ( a ) ' ( b ) and 1-
Seo . zio.s (c). 
Figure 11. The partial coordination numbers of Se (a) and 
I (b) around a central Se atom, derived from X(k), for 1-Sel-
xl x, and plot ted as a function of x . The dashed 1 ines are the 
calculated cu rves from eqs . ( 4 ) and ( 5) . 
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Figure 12. The Se-Se (a) and Se-I (b) bond lengths for 
l-Se 1_xix, derived from X (Jc), plotted as a function of x. The 
solid lines are guides for the eye. 
Figure 13. Illustration of an expected structure of a liquid 
Se-I mixture. The open and closed circles represent Se and Cl 
atoms, respectively. 
Figure 14. The structure factor S(Q) deduced from the pulsed 
neutron scattering measurement for l-Se 0 . 5cl0 . 5 (a), l-Se0 • 5Br0 . 5 
(b) and l-Se 0 . 5 r 0 . 5 . The solid lines are the Fourier transforms 
of total pair distribution function g(r) in the r range above 2.0 
A. 
Figure 15. The total pair correlation function g(r), derived 
by Fourier transform of S( Q), for 1-Seo . 5clo . 5 (a), 1-Seo. 5Br0 . 5 
(b) and l-Se0 . 5 r0 . 5 (c). 
Figure 16. Definition of parameters for the spherical coor-
dination (Rc , e, ¢) relative to the center of Se-Se bond and the 
molecular rotation e. The probable orientation of two Cl-Se-Se-
Cl molecules is indicated schematically. 
Figure 17. A comparison of the measured and calculated pair 
correlation function, g(r), for l-Se0 . 5cl0 . 5 . The solid line 
shows the observed g( r) and dotted line the calculated one. The 
dot-dashed line denotes the correlation between the orientation-
23 
ally correlated neighboring molecules, and the doL-dot-dashed 




The coordination numbers of Se, NSe' and Cl, NCl' around the 
central Se a tom, the bond lengths of Se-Se, rse , and Se-Cl , 
rcl, and their root-mean- square displacements, cr Se and cr Cl , 
for l-se 1 _xC]x obtained by fitting x(k) . 
Se-Se bond Se-Cl bond 
X Nse rse (A) cr Se (A) Ncl rcl (A) cr Cl (A) 
0 . 0 2 . 0 2.33 0 . 072 0.0 -----
0 . 1 2 . 0 2 . 34 0 . 072 o.o -----
0 . 2 2 . 3 2 . 33 0.075 0 . 1 2.23 0.028 
0 . 3 1.8 2 . 32 0 . 076 0 . 4 2.19 0 . 037 
O. tl 1.5 2 . 30 0.076 0 . 6 2 .1 8 0 . 027 
0 . 5 1.0 2 . 25 0 . 066 0 . 8 2.17 0 . 040 
0 . 6 0 . 6 2 . 25 0 . 054 1.5 2.17 0 . 043 




The coordination numbers of Se , Nse, and I 1 NI, around the 
central Se atom, the bond lengths of Se-Se 1 r Se' and Se-I, 
ri, and their root-mean-square displacements , cr Se and cr I, 
for l-Se 1 _ xixl obtained by fitting x ( k) . 
Se-Se bond Se-I bond 
X Nse rse(A) crse(A) NI ri (A) cr 1 (A) 
0 . 1 2 . 0 2 . 34 0 . 072 0 . 0 -----
0.25 1.7 2 . 34 0 . 063 0.2 2.55 0 . 048 
0.5 1.5 2.33 0.058 0.4 2.56 0.053 
0 . 8 1.1 2.31 0.036 0 . 5 2 . 56 0.028 
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Table III. 
The atomic distances and their root-mean-square displace -
ments, the bond angle formed between the Se-Se and the Se-
halogen (X) bonds, and the dihedral angle for the X-Se - Se - X 
molecule (X=Cl , Brand I), obtained by fitting S(Q) in the Q 
region from 10 to 19 A- 1 . 
atomic 
sample 
l-se0 . 5cl0 . 5 
sample 
l-se0 . 5cl0 . 5 
l-Seo . si3ro . 5 
l-Seo . 5Io . s 
distances/root-mean-square displacement 
Se-Se 
2 . 32 A 
±0 . 06 
2 . 28 
±0 . 07 
2 . 34 
±0 . 08 
Se - X(1) 
2 . 19 
±0 . 08 
2 . 38 
±0 . 09 
2 . 52 







A 3 . 52 
±0 . 14 
3 . 66 
±0 . 14 
3 . 75 






ang l e 
X- X 
4 . 37 
±0 . 20 
4.57 
±0 . 18 
4 . 77 
±0 .1 9 
A 
Table IV . 
The intermolecular configuration parameters obtained by 
fitting the 5( Q) for 1-se0 . 5c1 0 . 5 and l-se0 . 5 Br0 . 5 . 
sample Rc e ¢ e nc oc s 6. hs Ru 6. Ru 
1-se0 . 5c1 0 . 5 4.2A 35. so· 53. 5 . 9 0.10 3.9A 0.03A 4.9A 0 .1A 
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